ABSTRACT The adiabatic compressibility of several globular proteins has been measured by using an ultrasonic technique in the frequency range 0.5 to 10 MHz. The contributions to the measured-compressibility from the protein matrix .and from surface processes involving ionization of side chains and solvation effects are discussed; The internal -protein compressibility is very. low, indicating the existence of "dynamic domains" which are tentatively assigned to secondary structure elements.
During the past few years, considerableinterest in the problem of fast conformational fluctuations in protein systems has developed (1-3). Many techniques have been used to study fluctuations in biomolecules. Generally they involve the study of relaxational behavior after a perturbation is applied to the system- (4) . The external perturbation can take the form of.a step or a continuous sinusoidal function. We have studied the behavior ofprotein systems under continuous-wave pressure perturbation. A pressure wave in a fluid causes alternating compressions and rarefactions. Because the period is short compared with the time required for thermal equilibrium of the solution, the process is reversible and adiabatic. By using pressure waves, one can extract information about mechanical and thermal properties of the system. The frequency dependence of these properties arises from relaxational processes, yielding valuable information on the time constants of the different mechanisms involved.
The theory of pressure wave propagation in solutions can be found in standard texts (for instance, see ref. 5 ). The adiabatic compressibility is defined by Pad = -1/V (aV/aP)s where V is the volume of the sample and P is the pressure. Pad can be obtained by a measurement ofthe density p and sound velocity c. Pad = 1/pc2. For a solution containing protein, the protein adiabatic compressibility may be determined by measuring the density and sound velocity in the solution as afunction ofprotein concentration.
Adiabatic compressibilities of protein solutions have been reported (6) (7) (8) (9) (10) (11) . Quite recently this method has been applied to the study of the compressibility of cytochrome c in the oxidized and reduced forms (12) . The reported values for apparent protein compressibility are generally low, on the order of 10-20% of the compressibility ofwater which is a relatively incompressible liquid. This low value is generally explained by the observation that the-constituent amino acids have a negative apparent compressibility. The apparent positive value observed for, globular proteins then reflects a very compressible protein interior (8) .
In order to explain the increase in compressibility upon denaturation, which seems to contradict the hypothesis of a high compressibility of the protein interior, a very high local concentration of nonpolar groups is assumed for a denatured protein. Sarvazyan and Hemmes (6) discussed the possible contribution ofrelaxations to the compressibility on the basis ofsound absorption data. However, no direct measurements of compressibility ofa protein as a function ofthe frequency have been available.
METHODS
Sound Velocity Measurements. The sound velocity in the solution is measured with an acoustic resonator similar to that described by Eggers and Funk (13) . It consists of two quartz transducers 2.5 cm in diameter whose fundamental frequencies are 10 MHz; they are placed facing each other at a distance of about 1 cm. The acoustic resonator is tuned by using a spectrum analyzer. A standing wave is produced in the tank if the length of the resonator is a multiple of half a wavelength of the sound wave: L = nA/2. The corresponding resonance frequency isfres = nc/2L, c being the velocity of sound. If n and L are known, measurement Offres gives c. The accuracy in the determination offre, depends on the Q of the resonator. The Q is a very complex function. Atfrequencies <1.5 MHz it-is determined mainly by the mechanical construction of the tank; at higher frequencies it depends on the sound absorption in the solution (13, 14) . Use of the acoustic resonator allows the measurement of the sound absorption coefficient. However, in the experiments described in this work, only sound velocity was measured.
A typical resonance peak is shown for distilled water in Fig.  1 . For a 1% protein solution the position of the peak is shifted by a factor of 2-3 x 10', and the width of the peak increases by a factor of 3 over pure water. The exact value of the resonance frequency is measured by using an "autoresonator" technique (Fig. 2) . The electronic system will be described elsewhere.
The resonance frequency was measured with an accuracy of 1.0 Hz over the entire range. The stability of the resonance depends primarily on temperature. In practice, two identical tanks were -used and only differences in sound velocity were measured. The system was accurately thermostated. During a measurement the absolute temperature variations were <0.03 K, and the differential temperature changes between the two identical resonators were <10-3 K. With all factors taken into account, the accuracy in a relative sound velocity measurement was h3 x Density Measurements. A vibrating densimeter similar to that described by Kratky et aL (15) was used. In our system there are two identical vibrating capillaries to compensate for temperature changes. The overall accuracy in the determination of the relative density of the solution was approximately 5 x 10-6. Before each run, an absolute calibration was performed with distilled water and a salt solution of known density. * Present address: Hadassah Medical School, The Hebrew Univ., P.O.
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VT (p [1] pi is the intrinsic adiabatic compressibility of the ith species. The first term of Eq. 1 states that the total compressibility of a solution is the volume average of the compressibility of the components. The second term is characteristic of the system under consideration and depends on chemical relaxation processes. In particular, if one existing equilibrium is pressure dependent-i.e., AV, 7 0 in the corresponding free energy term-it contributes to the solution adiabatic compressibility. (18) an upper limit for the water associated with charged groups to be k = 0.10. This value is obtained by considering the total number ofcharged groups and assuming that 30 ml of water is associated with each mole of charged groups (21) . The compressibility of the electrostricted water is probably very low (21) (22) (23) (36) . Our measurements on compressibility are similar to the data on sound velocity reported by Sarvazyan and Hemmes (6) . The increase in compressibility as the pH is raised can be understood in part by the neutralization of the basic protein side chains. However, an estimation of the amount of electrostricted water released and of the relaxational contribution at high pH shows that some other processes are taking place. The intrinsic protein compressibility (,p also increases and then falls sharply after the denaturation is achieved. This result is in contrast with earliest observations on the isothermal compressibility of denatured proteins (37) (38) (39) . It seems unlikely that this decrease in apparent compressibility can be explained solely by changes in solvation upon denaturation. Instead, we believe that the decrease reflects a contribution from the internal protein structure. Fig. 4 shows schematically the values of compressibility for associated and nonassociated liquids, polymers, glass, and metals (40) . Compressibilities of globular proteins are lower than those of liquids and solid polymers but larger than those of metals and covalent solids. We believe that this fact reflects the particular nature ofthe protein interior: a covalently bonded structure along the polypeptide backbone and a weakly bonded structure in the perpendicular directions (41) .
A large body of experimental data suggests that proteins exhibit relatively large conformational fluctuations on a time scale of 1 psec to 1 psec (1, 3) . Temperature x-ray factors (42, 43) (48) . A denatured protein such as myoglobin at pH 13 has a very low value ofcompressibility, corresponding to the fact that a nonstructured polypeptide chain is less compressible than a native protein.
